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Limb Development in the Absence
of Sonic Hedgehog Function
Chin Chiang,* ,1 Ying Litingtung,* Matthew P. Harris,† B. Kay Simandl,†
ina Li,* Philip A. Beachy,‡ and John F. Fallon† ,1
*Department of Cell Biology, Vanderbilt University Medical Center, 1161 21st Avenue South,
ashville, Tennessee 37232; †Department of Anatomy, University of Wisconsin, 1300
niversity Avenue, Madison, Wisconsin 53706; and ‡Department of Molecular Biology and
enetics, Johns Hopkins University School of Medicine, Baltimore, Maryland 21205
he secreted protein encoded by the Sonic hedgehog (Shh) gene is localized to the posterior margin of vertebrate limb buds
nd is thought to be a key signal in establishing anterior–posterior limb polarity. In the Shh2/2 mutant mouse, the
evelopment of many embryonic structures, including the limb, is severely compromised. In this study, we report the
nalysis of Shh2/2 mutant limbs in detail. Each mutant embryo has four limbs with recognizable humerus/femur bones that
have anterior–posterior polarity. Distal to the elbow/knee joints, skeletal elements representing the zeugopod form but lack
identifiable anterior–posterior polarity. Therefore, Shh specifically becomes necessary for normal limb development at or
just distal to the stylopod/zeugopod junction (elbow/knee joints) during mouse limb development. The forelimb autopod is
represented by a single distal cartilage element, while the hindlimb autopod is invariably composed of a single digit with
well-formed interphalangeal joints and a dorsal nail bed at the terminal phalanx. Analysis of GDF5 and Hoxd11–13
expression in the hindlimb autopod suggests that the forming digit has a digit-one identity. This finding is corroborated by
the formation of only two phalangeal elements which are unique to digit one on the foot. The apical ectodermal ridge (AER)
is induced in the Shh2/2 mutant buds with relatively normal morphology. We report that the architecture of the Shh2/2 AER
s gradually disrupted over developmental time in parallel with a reduction of Fgf8 expression in the ridge. Concomitantly,
bnormal cell death in the Shh2/2 limb bud occurs in the anterior mesenchyme of both fore- and hindlimb. It is notable that
he AER changes and mesodermal cell death occur earlier in the Shh2/2 forelimb than the hindlimb bud. This provides an
explanation for the hindlimb-specific competence to form autopodial structures in the mutant. Finally, unlike the wild-type
mouse limb bud, the Shh2/2 mutant posterior limb bud mesoderm does not cause digit duplications when grafted to the
nterior border of chick limb buds, and therefore lacks polarizing activity. We propose that a prepattern exists in the limb
eld for the three axes of the emerging limb bud as well as specific limb skeletal elements. According to this model, the limb
ud signaling centers, including the zone of polarizing activity (ZPA) acting through Shh, are required to elaborate upon the
xial information provided by the native limb field prepattern. © 2001 Academic Press
Key Words: Sonic Hedgehog function; Shh; limb development; limb patterning; zone of polarizing activity; ZPA; stylopod;
eugopod; autopod; limb field.a
sINTRODUCTION
Limb pattern formation has been defined recently in
terms of three signaling centers that control the three limb
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All rights of reproduction in any form reserved.xes through specific signaling molecules and their down-
tream targets (reviewed in Ng et al., 1999; Schaller et al.,
2001). The dorsal–ventral limb axis is controlled by the
dorsal and ventral limb bud ectoderm through expression of
Wnt7a and En-1, respectively (reviewed in Zeller and
Duboule, 1997); proximal–distal axis elongation is con-
trolled by fibroblast growth factor family members (FGFs)
synthesized by the apical ectodermal ridge (AER) (reviewed
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422 Chiang et al.in Martin, 1998); and the anterior–posterior limb axis is
controlled by Sonic hedgehog (Shh) synthesized by a small
FIG. 1. 18.5-dpc wild-type and Shh 2/2 mutant whole body and dig
not shown), with B, Shh 2/2 mouse]. Note that the wild-type embry
forelimb; hl, hindlimb; cp, cephalic proboscis. Comparison of (C), w
oth wild-type and mutant digits end with a terminal phalanx (tp).
halanx forms a joint with the next most proximal phalanx a
espectively). (F) The Shh2/2 mutant forelimb autopod is represente
with the next most proximal element. The “terminal phalanx” (
autopod. Notice, there are dorsal and ventral asymmetries in the
follicles. The Shh2/2 hindlimb autopod (I) and wild-type contro
asymmetries, which include ventral (volar) protrusions (vp). Comp
and mutant (J) terminal phalanges are comparable including the pr
ventral glands in the mutant. For all surface anatomy, the scale ba
(C). In the histological sections, the scale bar in (D) is equal to 0.1group of mesodermal cells along the postaxial limb bud r
Copyright © 2001 by Academic Press. All rightorder called the zone of polarizing activity (ZPA). When
rafted beneath the preaxial AER, either ZPA cells or the
surface anatomy and histology [compare A, wild-type mouse (head
onsiderably larger than the mutant embryo (compare scale bar); fl,
pe forelimb autopod, with (E), Shh2/2 forelimb autopod, shows that
logical data show that in (D), the wild-type forelimb digit terminal
here are the expected dorsal–ventral asymmetries (top/bottom,
a single skeletal element that does not form a jointed relationship
f the mutant forelimb is the sole representation of the forelimb
ant epidermis, as shown by the presence of incipient dorsal hair
) both end in a terminal phalanx (tp) and show dorsal–ventral
of histological detail shows that both the wild-type hindlimb (H)
al nail fold (pnf) and joints. Note the presence of ventral pads and
als 1 mm; if not shown, the scale of the pictures is the same as in
and is the same for each section shown.ital
o is c
ild-ty
Histo
nd t
d by
tp) o
mut
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arison
oximecombinant amino-terminal product of Shh (SHH-N)
s of reproduction in any form reserved.
t
c
p
(
ones
423Shh2/2 Mutant Limb Development(Lopez-Martinez et al., 1995; Yang et al., 1997) will induce
mirror-image duplications in host wings (reviewed in
Pearse and Tabin, 1998). This ability to induce extra digits
to form is called polarizing activity (summarized in Tanaka
et al., 2000) and SHH-N is sufficient to mediate this
FIG. 2. Limb skeletal development at 17.5 dpc in wild-type and Sh
forelimb skeleton (A) with Shh2/2 mutant forelimb skeleton (B). Bo
he stylopod/zeugopod junction, the mutant phenotype can be seen
artilage (blue) to a single zeugopod element (zg) that is ossified (
halanx shown in Figs. 1E and 1F was always lost when the skin w
C) with Shh2/2 mutant hindlimb skeleton (E). Both show compara
joint (G) is recognizable in that the femoral condyles (cd) show a
invariably are fused (*) in the midline. Distal to Z-1 and Z-2 and no
(j); compare (j) in (F) with (D). The most proximal rod, representin
that the next short cartilage element is a fractured component of
hindlimb specimen (H) shows at higher magnification the metatars
mutant autopod element (a) is an arrowhead-shaped ossification c
slightly smaller but comparable to the ossification center of the w
scapula; ss, spine of scapula; ap, cartilage of proximal acromion; c
elbow joint; zg, zeugopod; r, radius; u, ulna; a, autopod; mc, metaca
bone; is, ischial bone; p, pubic bone; of, obturator foramen; f, femur;
zeugopod element; Z-2, larger Shh2/2 zeugopod element; ts, tarsal b
1 mm, except (F), which equals 0.1 mm.activity. The three signaling centers appear to be interde-
Copyright © 2001 by Academic Press. All rightpendent for both their maintenance and function (reviewed
in Johnson and Tabin, 1997).
Presently it is thought that signaling by Shh occurs
through the transmembrane proteins patched (Ptch) and
smoothened (Smo). In the absence of Shh, Ptch inhibits Smo
mice stained with alizarin red and Alcian blue. Compare wild-type
ow comparable shoulder girdle elements (s, c) and humerus (h). At
the mutant elbow joint (eb), the humerus (h) is connected by solid
along its length and ends in a cartilaginous extension. The distal
oved for skeletal staining. Compare wild-type hindlimb skeleton
elvic girdle (i, is, p) and femur (f) development. The mutant knee
ionship with two cartilaginous zeugopod elements (Z-1, Z-2) that
nected to them is a series of cartilaginous rods separated by joints
tarsal bone (ts), emerges from between Z-1 and Z-2. It is thought
arsus followed by two longer elements (E, F). A different mutant
d the presence of two phalanges (ph) distal to it. At the end of the
of the terminal phalanx (tp) that stained with alizarin red and is
type terminal phalanx (compare tp in F and D). Abbreviations: s,
icle; hh, head of humerus; h, humerus; dt, deltoid tuberosity; eb,
; ph, phalanges; tp, ossification center of terminal phalanx; I, iliac
emoral condyles; fi, fibula; t, tibia; z, zeugopod; Z-1, smaller Shh2/2
; mt, metatarsal bones; j, digital joint articulations. All bars equalh2/2
th sh
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424 Chiang et al.tion. Smo then transduces the signal causing changes in
ctivity of the Gli gene products (vertebrate homologues of
he Drosophila cubitus interuptus gene) and mediates
downstream gene transcription (reviewed in Pearse and
Tabin, 1998). Shh signaling results in the upregulation of
tch and Gli1 expression in ZPA cells. This is followed by
a rapid increase in levels of bone morphogenetic protein 2
(Bmp2) transcripts, and the 59 Hoxd gene cluster (specifi-
cally, Hoxd11, d12, and d13) in the mesoderm adjacent to
the ZPA (Nelson et al., 1996). Zu´n˜iga et al. (1999) have
shown that Shh signaling regulates the expression of
ormin and the BMP antagonist Gremlin in the limb bud
esoderm adjacent to the ZPA and under the AER. These
uthors propose that the function of Formin is to mediate
he expression of Gremlin, which carries out the interac-
ion between the ZPA and the AER. While a feedback loop
as been hypothesized between continued Fgf4 expression
n the AER and Shh expression by ZPA cells (Pearse and
abin, 1998), recent evidence from conditional knockouts
f Fgf4 in the mouse AER indicates that Shh expression and
normal limb development are not dependent on AER Fgf4
function (Moon et al., 2000; Sun et al., 2000).
A variety of experiments have been carried out in chick
nd mouse embryos to attempt to determine what effect the
oss of the ZPA or Shh expression would have on limb
evelopment. Studies using chemical treatment or micro-
urgical manipulation (e.g., Bell et al., 1999; Pagan et al.,
996; Stratford et al., 1996) were not as informative as
hoped because of potential nonspecific effects of the chemi-
cal treatment used and because microsurgical techniques
may damage the AER and/or reduce the amount of meso-
derm below a critical mass required for normal develop-
ment. However, targeted disruption of the Shh gene also has
been reported (Chiang et al., 1996); this provides the defini-
tive opportunity to study the role of Shh in limb develop-
ment without the caveats associated with microsurgery or
chemical treatment. It was reported that Shh2/2 embryos
how dramatic and specific developmental defects that
orrelate with the spatial and temporal expression of Shh
nd its proposed role in signaling networks. In the limbs,
istal defects were noted. Here, we report in detail on the
evelopment of Shh2/2 mouse limbs.
MATERIALS AND METHODS
Animals
The generation and identification of Shh homozygous mutant
ice and embryos are as described in Chiang et al. (1996). White
eghorn chick embryos of the Babcock strain were maintained at
he University of Wisconsin. Chick embryos were staged according
o the Hamburger and Hamilton series (Hamburger and Hamilton,
951).
Copyright © 2001 by Academic Press. All rightSkeletal Staining and Histological Sections
The skin and viscera of 18.5-dpc embryos were removed and the
embryos fixed in 95% ethanol. Cartilage and bone were stained
with Alcian blue and alizarin red as described (Kochhar, 1973).
For autopod histology, 18.5-dpc wild-type and Shh2/2 fore- and
hindlimb digits were fixed in Bouin’s fixative, embedded in JB-4
medium, and sectioned at 4-mm thickness with a JB4 Sorvall
icrotome using glass knives. Sections mounted on glass slides
ere stained with methylene blue, azure II in 1.0% aqueous borax,
over slipped, and viewed. Early limb buds from 10.5-, 11.5-, and
2.5-dpc wild-type and Shh2/2 mutant mice were fixed and pro-
cessed in similar manner. Sections of 1-mm thickness were made in
a transverse cross section to the AER in anterior, mid, and posterior
locations to permit visualization of anterior–posterior changes in
AER structure.
BrdU and TUNEL Analysis
Forelimbs and hindlimbs of 10.5- and 11.5-dpc embryos were
dissected with attached lateral tissue, which serves as a reference
for anterior–posterior orientation of the limb. Limbs were dehy-
drated and embedded in paraffin. Serial sections, parallel to the
proximal–distal axis of the limb, were collected onto glass slides.
TUNEL and BrdU labelings were performed as previously described
(Litingtung et al., 1998). Apoptotic cells were visualized by TUNEL
according to the manufacturer’s specification (Intergen, New
York).
Whole-Mount In Situ Hybridization
Embryos at 10.5 dpc were dissected from their extraembryonic
membranes and fixed in 4% paraformaldehyde in phosphate-
buffered saline. Whole-mount in situ hybridization was performed
essentially as previously described (Henrique et al., 1995). The
following probes were used: BMP2 (B. Hogan); Bmp4 and Gdf5 (S.
Lee); Fgf4 and Fgf8 (G. Martin); Msx-2 (R. Maxson); Ptch1 (M.
cott); Ptch2, Gli1, and Gli3 (C-c. Hui); Hoxd11, Hoxd12, and
oxd13 (D. Duboule); En-1 (A. Joyner); Wnt7A (A. McMahon);
ormin (P. Leder); and Msx1 (B. Robert).
Zone of Polarizing Activity Grafts
Mesoderm tissue was dissected from the posterior border of
10.5-dpc Shh2/2 limb buds. A small piece of mesoderm tissue was
then grafted under the anterior apical ridge of stage-18–20 chick
host limb buds. Host embryos were allowed to develop to 10 days,
fixed in 10% formalin, stained with Victoria blue, and cleared in
methyl salicylate to visualize the cartilage patterns (Ros et al.,
2000).
RESULTS
All vertebrate limbs have a similar structure composed of
three proximal-to-distal segments: the stylopod (humerus
or femur), the zeugopod (radius/ulna or tibia/fibula), and the
autopod (wrist/hand or ankle/foot) (Stocum, 1995). While
the proximal two limb segments exhibit relatively little
variation across tetrapods, the autopod is highly variable.
s of reproduction in any form reserved.
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425Shh2/2 Mutant Limb DevelopmentShh2/2 Embryo Limb Morphology
External morphology, terminal phalanx, and dorsal–
ventral polarity. Fifteen Shh2/2 mutant embryos were
compared with age-matched wild-type siblings (representa-
tive specimens shown in Figs. 1A and 1B). The mutant
embryos were always smaller than wild-type littermates
but each had four short appendages at the correct anatomi-
cal locations on the body. In every limb, at the gross level of
observation, there appeared to be a single terminal phalanx
that was similar to that of the wild-type digits (compare
Figs. 1C and 1G with Figs. 1E and 1I).
The mutant forelimb terminal phalanx appeared conical
when compared with the more claw-like wild-type forelimb
structure (compare Fig. 1C with Fig. 1E). Histological sec-
tions (compare Fig. 1D with Fig. 1F) showed that, in fact,
the mutant forelimb terminated in a single cartilaginous
carpal-like element that did not form a joint with the next
most proximal element and no nail bed was present. The
distal element did not form a connection with the proximal
element, as it could be separated when the skin of the
forelimb was removed during preparation for skeletal stain-
ing. There were no external distinguishing dorsal–ventral
characteristics visible on the mutant forelimb, however, in
histological sections, as reported previously (Chiang et al.,
1999; St-Jacques et al., 1998), there were incipient hair
follicles marking the dorsal skin that were absent on the
ventral surface.
The Shh2/2 mutant hindlimb terminal phalanx was simi-
lar to the corresponding wild-type structure (compare Fig.
1G with Fig. 1I). There appeared to be a ventral curvature to
the digit and at least one ventral pad (VP; Fig. 1I) was always
present; some specimens had two or three ventral pads.
Histological sections (compare Fig. 1H with Fig. 1J) con-
firmed that there was a jointed terminal phalanx, with a
proximal nail fold, beginning nail growth, and other obvi-
ous dorsal–ventral characters including incipient dorsal
hair follicles, dermal cell concentrations embodying the
ventral pads, associated gland structures, and ventral ten-
dons. A recent publication by Kraus et al. (2001) describes
similar anatomy of the terminal element of the fore- and
hindlimb of the Shh2/2 mutant mouse. Additionally, the
authors show evidence that the dorsal epidermis of the
hindlimb terminal phalanx expresses keratins specific to
nail and hair keratinocytes. This complements the histo-
logical descriptions presented here identifying the terminal
dorsal structure as a nail.
Forelimb skeletal anatomy. The limb skeletal patterns
of seven mutant and wild-type 17.5–18.5-dpc embryos were
analyzed (compare Figs. 2A and 2C with Figs. 2B and 2E).
The pectoral girdle of the Shh2/2 mutant appeared to be
ormally formed. An identifiable scapula with coracoid
rocess (not shown) and clavicle was present in all mutant
pecimens. The proximal part of the stylopod was identifi-
ble as a humerus with a deltoid tuberosity and a humeral
ead that articulated with the scapula. No mutant speci-
en had a joint at the elbow; however, each forelimb
Copyright © 2001 by Academic Press. All righthowed a bend where the elbow is expected. The region of
he bend was composed of cartilage while the single ele-
ents proximal and distal to the bend were ossified.
Hindlimb skeletal anatomy. The Shh2/2 mutant pelvic
irdle appeared to be normally formed (compare Fig. 2C
ith Fig. 2E) with an ossifying os, pubis, and ischium. The
utant femur appeared normal with well-defined head,
eck, shaft, and two condyles (cd). Two distinct but incom-
lete elements represented the Shh2/2 mutant zeugopod,
ne larger (Z-2) than the other (Z-1). The proximal ends of
hese elements were cartilaginous and formed a knee joint
ith femoral condyles. This was best seen in a ventral view
Fig. 2G). The middle of the two zeugopod elements invari-
bly showed a cartilage fusion (asterisk, Fig. 2G) linking the
wo; the distal part of the larger element (Z-2) had begun
ssification. In the context of the knee joint, these two
runcated elements appear to represent the tibia (Z-2) and
bula (Z-1) bones. A single digit that consisted of a tarsal
one (t; Fig. 2E), the metatarsal (mt), and two phalanges
epresented the autopod of the leg (Figs. 2E and 2H). The
roximal autopod elements had not begun ossification.
owever, the mutant terminal phalanx invariably showed
ssification (compare Figs. 2C and 2D with Figs. 2E and 2F)
hat was morphologically similar to the wild-type terminal
halanx.
Molecular Analysis of Digit Formation
To analyze the character of the autopod structures fur-
ther, we took two approaches. The first of these was to
compare the expression of Gdf5, a bone morphogenetic
protein family member whose expression occurs in the
interphalangeal cells of the forming digital joints (Storm
and Kingsley, 1996). In outgrowth of the mutant embryo
forelimb, there was no detectable expression of Gdf5 at 14.5
dpc, at a stage when there is robust expression in the
wild-type presumptive joints (compare Figs. 3A and 3B).
This is consistent with our observations of the 18.5-dpc
histology in which the terminal element of forelimb carti-
lage did not appear to have a typical jointed relationship
with the proximal limb skeleton. The mutant hindlimb
autopod interphalangeal cells, however, did express Gdf5 at
14.5 dpc (compare Figs. 3C and 3D). Interestingly, Gdf5 is
only expressed in two domains in the forming digit, similar
to wild-type digit one. The Gdf5 expression data provide a
molecular foundation for the interpretation that the mutant
hindlimb forms a digit and suggest that the forming digit
represents digit one. We further demonstrated that Msx1
expression, which marks the nail bed cells on the dorsum of
the terminal phalanx (Reginelli et al., 1995), was expressed
similarly in normal and mutant hindlimb digits (Figs. 3G
and 3H); Msx1 was undetectable in the mutant forelimb
digit (Figs. 3E and 3F). We conclude that stylopod, zeugo-
pod, and autopod elements form in Shh2/2 limbs.
To further explore the possible digit-one identity of the
hindlimb digit suggested by Gdf5 results, we extended our
analysis of digit formation by looking at the expression of
s of reproduction in any form reserved.
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426 Chiang et al.Hoxd11–13 in the forming autopodial structures of wild-
ype and mutant limbs. Hoxd11–13 are expressed in a
hh-dependent fashion in the forming autopod of chicken
nd mice (Nelson et al., 1996; Shubin et al., 1997) and are
thought to impart a dose-dependent mechanism for prolif-
eration and growth of forming phalangeal structures (Za´-
ka´ny and Duboule, 1999; Za´ka´ny et al., 1997). Analysis of
Hoxd11 and -d12 expression in 11.5- and 12.5-dpc wild-type
FIG. 3. Molecular analysis of autopod patterning: Gdf5 and Ms
hindlimbs (C, D) in wild-type (A, C) and Shh2/2 mutant (B, D) limb
hindlimbs (G, H) in wild-type (E, G) and Shh2/2 mutant (F, H) at
hindlimbs.fore- and hindlimbs show the characteristic phase II Hoxd d
Copyright © 2001 by Academic Press. All rightgene expression along the posterior presumptive zeugopod
(Figs. 4A, 4E, 4I and 4M) and initial autopod expression
characteristic of phase III Hoxd gene (Nelson et al., 1996). A
omparison with mutant limbs at this stage demonstrates
n absence of Hoxd12 and -d13 phase II expression in both
utant fore- and hindlimbs (Figs. 4J, 4N, 4R, and 4V).
oxd11 expression, however, is maintained at reduced
evels in both fore- and hindlimbs. The absence of Shh-
xpression of Gdf5 in the forming joints of forelimbs (A, B) and
5.5 dpc. Expression of Msx1 in the nail beds of forelimbs (E, F) and
dpc. Note the patterned expression of Gdf5 and Msx1 in Shh2/2x1. E
s at 1ependent Hoxd12 and d13 phase II expression correlates
s of reproduction in any form reserved.
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427Shh2/2 Mutant Limb DevelopmentFIG. 4. Molecular analysis of autopod patterning: Hoxd11–13. Autopod expression of Hoxd11–13 in Shh2/2 limbs. Whole-mount in situ
hybridization of wild-type and Shh2/2 mutant limbs with probes against Hoxd11 (A–H), Hoxd12 (I–P), and Hoxd13 (Q–Y) at 11.5 and 12.5
dpc. Hoxd11–13 genes are differentially expressed in the autopod of both wild-type and mutant limbs. The expression of Hoxd11 and -d12
genes does not extend to the most anterior digit one of wild-type limbs (A, E, C, G and I, M, K, O) while Hoxd13 expression is extended
cross the whole autopod (Q, U, S, X). Mutant forelimbs show no Hoxd11–13 expression in the autopod (B, D, J, L, R, and T). In contrast,
utant hindlimbs show extensive Hoxd13 expression throughout the autopod (V, Y) and lack detectable Hoxd11 and have reduced Hoxd12
( F, H, N, P).
Copyright © 2001 by Academic Press. All rights of reproduction in any form reserved.
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428 Chiang et al.with the anatomical loss of anterior–posterior polarization
of the zeugopodial structures of both mutant limbs (noted
above). The expression of Hoxd13 in the forming autopod of
12.5-dpc wild-type limbs encompasses the digit-one primor-
dia (Figs. 4S and 4X), whereas Hoxd11 and -d12 expression
is restricted posteriorly to encompass digits two through
five (Figs. 4C, 4G, 4K, and 4O). In the mutant, Hoxd13 is
expressed throughout the entire hindlimb autopod, but not
in the mutant forelimb. In contrast, only distal low levels of
Hoxd12 are seen in the mutant hindlimb and Hoxd11 is not
etected. These data complement the Gdf5 analysis of joint
ormation and support the conclusion that the hindlimb
igit is specified and represents digit one. The mutant
orelimb shows no autopodial expression of Hox d11–13
onsistent with its failure to realize distal phalangeal fates.
Shh2/2 Limb Buds Do Not Have Polarizing Activity
Polarizing activity can occur in the absence of Shh
expression. For example, tissues expressing Indian hedge-
hog (Ihh) (Yang et al., 1998), as in the Doublefoot mutant
ouse limb bud, will cause mirror-image duplications
hen grafted to a chick embryo host wing bud anterior
orders (Hayes et al., 1998). We therefore examined
hether the Shh2/2 mutant mesoderm had polarizing activ-
ty when grafted to a host chick limb bud. In controls,
ild-type mouse ZPA grafted to the chick induced mirror-
mage duplications in 9 of 20 cases (45%); grafts of mouse
PA tissue are less efficient in producing mirror-image
uplications than chick ZPA grafts to chick wing buds
Fallon and Crosby, 1975; Tanaka et al., 2000). The digit
equence in response to wild-type mouse ZPA grafts in
ncreasing order of complexity included four cases of 2234,
wo cases of 32234, one case of 2324, and two cases of
32234 (see Fig. 5A). In the Shh2/2 posterior border grafts, 14
grafts were made and all (100%) showed a normal digit
pattern of 234 at day 10 (see Fig. 5B). These data indicate
that the Shh2/2 limb buds do not have polarizing activity
and that the zeugopod and autopod elements that form in
the Shh2/2 mutant do so without the input of polarizing
activity.
Polarized Gene Expression in the Limb Bud Does
Not Require Shh Function
Shh activity in the posterior margin of the limb bud has
een implicated in the establishment of polarized expres-
ion of 59Hoxd genes in the mesoderm and Fgf4 in the AER.
ctopic expression of Shh protein in the anterior margins of
hick limb buds induces ectopic mesoderm expression of
9Hoxd and AER expression of Fgf4 (Pearse and Tabin,
998). Interestingly, the limb buds of the chick limbless
utant do not express Shh, but express Hoxd11–13 in an
symmetric pattern (Grieshammer et al., 1996; Noramly et
l., 1996; Ros et al., 1996a). We therefore examined expres-
ion of genes implicated in Shh signaling to determine the
ffect of the Shh mutation on the molecular differentiation
Copyright © 2001 by Academic Press. All rightin the early limb bud. Several AER markers, including Fgf8
(Figs. 6C and 6D), Bmp4 (Figs. 6E and 6F), and Msx2 (data
not shown), are expressed in 10.5-dpc Shh2/2 mutant limbs,
lthough Fgf8 expression becomes reduced as development
roceeds (see below). Fgf4 expression, which is restricted to
he posterior two-thirds of the AER, is also present in the
utant (Figs. 6A and 6B; see also Zu´n˜iga et al., 1999),
lthough its expression is detectable only in the hindlimb at
0.5 dpc in our mutant line.
Some of the genes normally expressed in the limb meso-
erm were also present in the mutant, but generally did not
ave a normal distribution or normal levels of expression,
hereas the expression of other genes was absent. Bmp4 is
xpressed in preaxial and postaxial Shh2/2 mutant limbs
and shows a distribution comparable to that of wild type,
but at reduced levels (Figs. 6E and 6F). Bmp2 expression is
detectable in the mutant forelimb postaxial mesoderm, but
at substantially reduced levels (Figs. 6G and 6H). In addi-
tion, the AER expression of Bmp2 is not detected in Shh2/2
mutant limbs (Figs. 6G and 6H). Similar to limbless limb
buds, Hoxd11 and Hoxd12 are present in the postaxial
mesoderm (Figs. 6I and 6J; and data not shown), but the
extent of expression is limited to the postaxial border
mesoderm of the mutant buds. We were not able to detect
Hoxd13 in the Shh2/2 mutant forelimb buds, but it was
detected at reduced levels and with greatly reduced distri-
bution in the hindlimb postaxial mesoderm (Figs. 6K and
6L). Along with the 59Hoxd genes, the proposed down-
stream targets of Shh signaling showed modified expression
patterns. Ptch1 (Figs. 6M and 6N), Ptch2 (not shown), and
Gli1 (Figs. 6O and 6P) were not detectable in the Shh2/2
buds. Formin, normally expressed in the posterior limb bud
mesoderm (Fig. 6Q) and implicated in AER maintenance,
was not expressed in Shh2/2 mutant limbs (Fig. 6R). This
onfirms a recent report by Zu´n˜iga et al. (1999). Gli3 also
shows a modified expression pattern in mutant buds in that
expression was detected throughout the bud extending to
the border of the postaxial mesoderm (Figs. 6S and 6T),
suggesting Shh normally represses Gli3 expression in the
posterior mesoderm. A similar negative role of Shh on Gli3
ranscription has been reported in chick micromass culture
Wang et al., 2000).
Dorsal–ventral polarity is controlled by the dorsal and
entral limb bud epithelia through the expression of Wnt7a
nd En-1, respectively. Both of these genes are expressed
ormally by the mutant dorsal and ventral epithelia (data
ot shown; see also Kraus et al., 2001). This was further
ndicated by the incipient dorsal hair follicles on both
utopod structures as well as the ventral surface protru-
ions and tendons of the hindlimb digit that are described
bove (see Figs. 1F and 1J).
Shh2/2 Apical Ectodermal Ridge Structure and Fgf8
Expression
We next examined the interrelationship between Shh and
AER maintenance by looking at a time course of Fgf8
s of reproduction in any form reserved.
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429Shh2/2 Mutant Limb Developmentexpression in concert with histological analysis of AER
structure during limb outgrowth. As described above in
Figs. 6C and 6D (see also Kraus et al., 2001; Sun et al., 2000),
gf8 was present in the AER of both the fore- and hindlimb
f Shh mutants at 10.5 dpc. We extended this analysis up to
2.5 dpc to assess the relationship of Fgf8 expression and
ER ridge structure in Shh2/2 mutant limb buds. Although
Fgf8 expression was detected in mutant 11.5-dpc limbs,
there was a distinct change in the height and organization of
the AER when compared to control sections. This disorgani-
zation began in the AER as early as 10.5 dpc of both fore and
hind mutant limb buds (Fig. 6D, and data not shown). In both
the fore- and hindlimb, the reduction of Fgf8 expression
correlated temporally with the change in AER morphology
(compare Figs. 7I, 7M, 7K, and 7O with Figs. 7J, 7N, 7L, and
7P). This is exemplified by the 12.5-dpc mutant forelimb
where regions of reduced Fgf8 expression in the middle bud
exhibit no apparent AER structure (Figs. 7J and 7N). Sections
of the posterior AER of the 12.5-dpc limb bud, showing
persistent expression of Fgf8, maintained a stratified squa-
mous AER morphology (Fallon and Kelley, 1977); data not
shown). A comparison between fore- and hindlimb 12.5-dpc
AER clearly showed that the AER was maintained longer in
the mutant hindlimb and correlated with the formation of a
complete digit (compare Figs. 7J and 7N, and Figs. 7L and 7P).
At the same time, loss of ridge structure and signaling in the
forelimb correlated with limb truncation.
Cell Death and Proliferation in Shh Mutant Limbs
In addition to the early reduction of AER structure in the
mutant forelimb, we noticed a decrease in anterior expres-
sion of Fgf8 in both fore- and hindlimb buds of the Shh2/2
mutant (arrow in Figs. 7B and 7D). It was thought that both
of these observations could represent changes in either cell
proliferation and/or cell death in the mutant limb that may
affect positioning and or maintenance of the AER and
subsequently distal patterning of the limb. Therefore, we
looked at the incorporation of BrdU as well as TUNEL
labeling in Shh2/2 and wild-type 10.5- and 11.5-dpc limb
uds. Although there was a general decrease in proliferation
n the mutant at 11.5 dpc (data not shown), there was not an
bvious asymmetry in proliferation during these stages.
owever, mutant forelimb buds did show a significant
ncrease in cell death in 10.5-dpc limb buds over either the
indlimb or wild-type limbs at comparable stages (Figs. 8A,
B, 8E, and 8F). The TUNEL data are supported by the
resence of apoptotic bodies in the 10.5-dpc mutant fore-
imb seen in histological sections (data not shown). By 11.5
pc, the mutant hindlimb showed a similar increase in cell
eath as seen in the forelimb (Fig. 8H). Cell death in both
utant limb buds was concentrated in the anterior meso-
erm, and coincided with asymmetric loss of Fgf8 expres-
ion in the mutant AER. No appreciable cell death was
etected in wild-type limb buds (Figs. 8A, 8C, 8E, and 8G).
Copyright © 2001 by Academic Press. All rightDISCUSSION
It is notable that Shh2/2 mutant limbs show little varia-
tion in skeletal pattern from one embryo to another, indi-
cating that a precise limb developmental program is repli-
cated in all the Shh2/2 mutants. Because of this, we propose
that the skeletal elements present in the Shh2/2 mutant
imbs are specified in the limb-field mesoderm as a prepat-
ern and subsequently are determined by the permissive
ction of the AER. It follows that specification of the three
imb axes is initiated in the limb field in the absence of Shh.
n this model, realization of the normal wild-type limb
henotype depends on the action of the three limb signaling
enters in the context of the limb-field prepattern.
The early mutant limb buds appear morphologically
ormal, but the posterior border mesoderm does not express
tch1, Ptch 2, and Gli1, nor does it induce extra digits in a
hick limb bud bioassay for hedgehog family members.
evertheless, Hoxd11, -d12, and -d13 are asymmetrically
expressed in the 10.5-dpc mutant postaxial limb bud meso-
derm. The Shh2/2 mutant limb bud mesoderm has the
bility to induce and maintain an AER that permits elon-
ation of the limb bud. The mutant AER transiently ex-
resses Fgf4 (Zu´n˜iga et al., 1999) and weakly expresses Fgf9
nd -17 (Sun et al., 2000). However, Fgf8 expression appears
ormal in the early limb bud (Kraus et al., 2001; Sun et al.,
000; this report) and then declines coincident with the
hinning and disruption of AER morphology. Given the
pparent similarity of various Fgf activities in the limb, an
ntegrated view of Fgf family expression will be required to
nderstand the relationship between Fgf signaling and AER
unction (cf., Lewandoski et al., 2000; Moon et al., 2000;
oon and Capecchi, 2000; Sun et al., 2000).
Morphologically, the limb defect in Shh2/2 is noticeable
by 11.5 dpc, where both fore- and hindlimbs have a rela-
tively narrow and pointed appearance (cf. Fig. 7). Previous
studies have suggested that Shh may function as a survival
factor in the neural tube, lung, and head mesenchyme
(Ahlgren and Bronner-Fraser, 1999; Borycki et al., 1999;
Litingtung et al., 1998). Similarly, in the limb, the absence
of Shh leads to an increase in cell death primarily in the
anterior region of the forming limb bud. This anterior cell
death is reminiscent of the extensive anterior cell death in
chick limb buds following removal of posterior mesoderm
including the ZPA (Todt and Fallon, 1987). Interestingly,
Sanz-Ezquerro and Tickle (2000) have reported that releas-
ing SHH-N from a bead into the chick anterior limb bud
mesoderm prevents normally occurring anterior necrotic
zone cell death. These observations together with the cell
death in the anterior mesoderm of the Shh2/2 limb buds
point to a role for the ZPA and Shh in anterior limb bud
mesoderm cell survival.
With regard to pattening of limb elements, it appears that
the stylopod (humerus/femur) is completely specified, in-
cluding anterior–posterior polarity, in the absence of Shh
function. The zeugopod and autopod also develop in the
absence of Shh, but are incomplete and lack normal
s of reproduction in any form reserved.
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430 Chiang et al.anterior–posterior asymmetry. It is notable that the fore-
and hindlimb zeugopod elements are not comparable. The
forelimb forms a single elongated zeugopodial bone without
an elbow joint. In contrast, the mutant hindlimb zeugopod
is composed of two short elements that form a knee joint
proximally but are severely truncated distally. It is not
obvious why fore- and hindlimb zeugopod morphogenesis
should be so different in the absence of Shh function.
Because the action of the AER on the subjacent mesoderm
is permissive rather than instructive (Martin, 1998; Rubin
and Saunders, 1972; Zwilling, 1955, 1964), a second conclu-
sion of our studies is that the three proximal–distal limb
levels, stylopod, zeugopod, and autopod, are specified in the
limb field. The evidence for a limb-field prepattern adds a
level of complexity for the role of Shh in limb development.
The ability of Shh2/2 limbs to generate all three
proximal–distal limb segments demonstrates that
proximal-to-distal determination of fates is occurring in
Shh2/2 mutant limbs. The continued Shh2/2 mutant limb
bud elongation is probably due to persistent Fgf8 expression
(see Fig. 7) detected in the mutant AER. The nature of the
skeletal elements of the zeugopod of the Shh2/2 mutant
limbs precludes identification as anterior (preaxial) or pos-
terior (postaxial). However, several lines of evidence suggest
that the single hindlimb digit of the Shh2/2 mutant repre-
ents digit one of the foot. First, analysis of the Shh mutant
indlimbs showed that the mutant digit had only two
halanges; digit one is the only foot digit with two phalan-
es, in the wild-type limb. Second, Gdf5 expression shows
he presence of only two forming joints in the Shh2/2
hindlimb digit primordium. Finally, digit-one development
in the wild-type autopod is marked by Hoxd13 expression
in the digit primordium in the absence of similar expression
of Hoxd11 and -d12. The forming Shh2/2 mutant hindlimb
digit shows expression of Hoxd13 throughout, but does not
have detectable Hoxd11 and reduced expression of Hoxd12.
The comparison between the mutant and wild-type expres-
sion patterns of Hoxd11–13 suggests that the mutant auto-
od has anterior specification and, specifically, digit-one
FIG. 5. Polarizing activity assay. (A) A stage-20 host chick wing
irror-image duplication shown at 10 days after Victoria blue sta
-3-2-2-3-4. (B) A normal wing that developed after Shh2/2 postaxia
is 2-3-4.ate.
Copyright © 2001 by Academic Press. All rightOur detailed analysis revealed that Shh2/2 limbs, relative
o normal limbs, are specified along the anterior–posterior,
orsal–ventral, and proximal–distal axes through the entire
tylopod and become deficient in anterior–posterior pat-
erning distally with only proximal–distal/dorsal–ventral
olarity in the zeugopod and autopod. This indicates the
ecessary nature of Shh input at or just distal to the
tylopod/zeugopod transition (elbow/knee levels) during
imb development. The role of Shh in normal limb devel-
pment would be to stabilize and expand the limb-field
repattern specifying those elements not found in the
hh2/2 mutant buds. To do this, Shh must stabilize and
amplify asymmetric gene expression arising from the limb
field [e.g., Hoxd11, -d12 and -d13, -dHand (Charite´ et al.,
000; Fernandez-Teran et al., 2000); Formin, Gremlin
Zu´n˜iga et al., 1999)] and add others [e.g., Hox11–13 paralo-
ous genes (Nelson et al., 1996)]. Together with Shh-
ependent proliferation, the regulation of patterning genes
y Shh would result in the expansion of the limb prepattern
o the full three-dimensional limb skeleton of the zeugopod
nd autopod. A similar phase-in of axial polarity control has
een proposed for dorsal–ventral limb axis determination.
nalysis of tissue-manipulation experiments, cell-lineage
racing in the chick, and of lmx1b-null mice has led to the
roposal that stylopod dorsal–ventral limb polarity is deter-
ined before the limb bud forms. Subsequently, during the
imb bud stages, the ectoderm controls zeugopod and auto-
od dorsal–ventral polarity through Wnt7a expression (re-
iewed in Chen and Johnson, 1999). Nelson et al. (1996)
lso proposed that the stylopod is a Shh-independent seg-
ent of the limb. Interestingly, these authors show a
orrelation in the expression of Shh and the differential and
nique Hox paralogue gene expressions in chick zeugopod
nd autopod. This supports the notion of a context-
ependent response of each limb segment to the Shh signal
Nelson et al., 1996).
The data from the Shh2/2 mutant make it apparent that
Shh is not necessary for the limb bud to emerge from the
lateral plate. Similarly, Shh expression is not detectable in
received a sub ridge graft of wild-type mouse ZPA and formed a
. The distal radius (arrow) is duplicated and the digital pattern is
er mesoderm was grafted under the host AER. The digital patternbud
iningthe limb buds of the limbless chick mutant. However,
s of reproduction in any form reserved.
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431Shh2/2 Mutant Limb Developmentlimbless does not form an AER (no Fgf4 or -8 expression)
and is a bidorsal bud without a dorsal–ventral interface
(Grieshammer et al., 1996; Noramly et al., 1996; Ros et al.,
1996b). The lack of an AER results in complete elimination
of the limbless limb buds by cell death after initial budding
(Carrington and Fallon, 1988). This is a clear indication that
the asymmetrically patterned limbless limb bud is un-
stable. If a wild-type AER (Carrington and Fallon, 1988) or
exogenous FGFs (Grieshammer et al., 1996; Noramly et al.,
FIG. 6. AER and mesoderm gene expression in Shh2/2 limbs. Wh
, O, Q, S) and Shh2/2 (B, D, F, H, J, L, N, P, R, T) limbs with prob
J), Hoxd13 (K, L), Ptch1 (M, N), Gli1 (O, P), Formin (Q, R), and Gli
AER. The arrow in (H) and (J) indicates the polarized expression of
is to indicate the normal Formin expression in the wild-type forel
expression in the hindlimb. The insets in (B) and (L) represent a hig
are of the forelimbs.1996; Ros et al., 1996a) are supplied to the limbless bud, the o
Copyright © 2001 by Academic Press. All rightimbless mesoderm is stabilized, Shh is expressed and a
ormal limb skeleton develops. In both Shh2/2 and limbless
utants, there are anterior–posterior asymmetries of gene
xpression in the emergent limb. In addition, the postaxial
imb bud border in the limbless mutant has the competence
o express Shh when supplied with FGF; this is also a
olecular and functional asymmetry of the emergent limb
ud mesoderm. The observations on limbless chick and
hh2/2 mouse point to the conclusion that initial axial
ount in situ hybridization of 10.5-dpc wild-type (A, C, E, G, I, K,
inst Fgf4 (A, B), Fgf8 (C, D), Bmp4 (E, F), Bmp2 (G, H), Hoxd12 (I,
T). Note the arrowhead in (B) marks Fgf4 expression in the Shh2/2
2 and Hoxd12, respectively, in the Shh2/2 limbs. The arrow in (Q)
In (S), the asterisk marks the posterior mesoderm devoid of Gli3
agnification of the hindlimbs, while the insets in (E), (F), and (H)ole-m
e aga
3 (S,
Bmp
imb.rganization and emergence of the limb bud are indepen-
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432 Chiang et al.dent of the three signaling centers that are the hallmark of
later limb development.
The conditions and the molecular mechanisms that de-
termine the specifications of the limb-field prepattern are a
major question for future studies; clearly, cues from the
central body axis must play some role in the determination
of the limb field (Coates and Cohn, 1998; Cohn et al., 1997).
The hypothesis has been proposed that the expression of the
Hox9 paralogous group of transcription factors is a critical
component in this process. Cohn et al. (1997) show that
prospective limb-field territories are marked within the
lateral plate mesoderm by overlapping expression of Hox9
paralogues. This proposal is supported by experiments in
which Hox9 expression patterns are altered when supernu-
erary limbs are induced in the flank by grafting beads
oaded with FGFs (Cohn et al., 1995; Ohuchi et al., 1995).
ecently, Kawakami et al. (2001) reported that Wnt-2b and
Wnt-8c are expressed in mesoderm medial to the chick
wing and leg limb fields, respectively, and control Fgf10
FIG. 7. Fgf8 expression and structure of the AER. Fgf8 whole-mou
Shh2/2 (B, D, J, L) limb buds. Whole-mount hybridization specimen
staged wild-type (E, G, M, O) and Shh2/2 (F, H, N, P) mouse limbs. T
11.5 dpc: A, B, E, F; 12.5 dpc: I, J, M, N) and hindlimb (11.5 dpc: C, D
nterior regions where Fgf8 is not detected in the mutant compared
xpression that maintains a tall ridge morphology.expression in the emerging limb fields. Relating this infor- H
Copyright © 2001 by Academic Press. All rightation to how the particular limb specification events
roposed here are achieved, i.e., the prepattern, is not
resently apparent.
A recent study on the role of Shh in zebrafish pectoral fin
development provides interesting confirmation and con-
trast to the data reported here. Shh is expressed along the
osterior border of the zebrafish pectoral fin bud with
ssociated expression of genes such as Ptch1 and -2, BMP2
Akimenko and Ekker, 1995; Neumann et al., 1999), and 59
oxd and Hoxa paralogues (Sordino et al., 1995). These are
imilar to patterns for tetrapod limb bud mesoderm as is the
xpression of BMP2 and Fgf8 in the AER analog of the fin
bud called the apical ectodermal fold (Neumann et al.,
1999). The latter authors have shown the sonic you mutant
zebrafish, which lacks fin bud Shh expression, has transient
anterior–posterior fin bud polarity in that Hoxd11 and -12
and Hoxa11 and -12 are asymmetrically expressed, but the
Hox13 genes are not expressed. These data show some
similarity to our observations in the Shh2/2 mouse limb.
situ hybridization of 11.5- and 12.5-dpc wild-type (A, C, I, K) and
compared to histological cross sections of AERs from comparably
pproximate location of section is the middle of each bud. Forelimb
H; 12.5 dpc: K, L, O, P) are compared. Arrows in (B) and (D) indicate
he wild-type sibling limbs. The asterisk in (J) marks posterior Fgf8nt in
s are
he a
, G,owever, in the sonic you mutant fin bud, the apical
s of reproduction in any form reserved.
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433Shh2/2 Mutant Limb Developmentectodermal fold fails to form, resulting in the absence of
endoskeleton formation of the pectoral fin (Neumann et al.,
999). In contrast, we have shown that, although its struc-
ure eventually is compromised, mouse AER formation is
ndependent of Shh expression and its maintenance in the
hh2/2 mutant permits the stabilization of limb skeletal
lements. However, in the absence of Shh, expansion of the
istal anterior–posterior axis of the limb bud fails to occur.
In summary, we propose that the ZPA, through the
ctions of Shh, in conjunction with the AER expands the
imb-field prepattern along the limb bud anterior–posterior
xis; Shh function becomes necessary at or just distal to the
prospective elbow and knee joints. There is now a signifi-
cant body of data that demonstrates the emerging limb bud
is a triaxially polarized structure that requires an FGF or
FGFs to become a stable entity. While the three-limb
bud-organizing centers normally begin expression very
early, even before bud emergence, they are not necessary for
the initial triaxial limb bud organization. Moreover, several
lines of evidence indicate that the stylopod is completely
specified in the limb field. Because there is also competence
to form recognizable but imperfect zeugopod and autopod
elements without Shh input, the role of Shh in stimulating
cell proliferation and survival of limb bud mesoderm as-
sumes critical importance. It will be of great interest to
dissect the integration of Shh, Wnts, Fgfs, and the Hox
genes in permitting the realization of zeugopod and autopod
development. This will lead to an understanding of how the
competence to form initial zeugopod and autopod skeletal
FIG. 8. TUNEL analysis of mutant limbs. Patterns of cell death, sh
limbs. In each panel, the anterior mesoderm is on the left side. TUN
an increase in cell death in the anterior mesoderm of mutant fore-
false-positive signals due to autoflourescence were performed andelements, determined in the limb field, is expanded to give
Copyright © 2001 by Academic Press. All rightthese segments complete anterior–posterior polarity and
identity.
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